Abstract:
Although the limitation or deficiency of nutrients, such as nitrogen (N) and 17 phosphorus (P), has been one of the frequently reported factors causing filamentous or 18 non-filamentous bulking of activated sludge, the mechanisms are still unclear. In this 19 work, the long-term effects of N and P limitation or deficiency on sludge settleability 20 and bioflocculation characteristics were investigated in six sequencing batch reactors 21 (SBRs) fed with wastewater with different nutrient availability. The sludge volume 22 index (SVI), microbial community structures, intracellular poly-β-hydroxyalkanoates 23 (PHAs) and extracellular polymeric substances (EPS) were characterised over time. 24 Bulking was not observed in SBRs with N limitation or deficiency, in which SVI 25 remained below 150 mL/g. In contrast, bulking was encountered in those reactors 26 with P deficiency. The occurrence of non-filamentous bulking was associated with a 27 higher carbohydrates fraction and a lower proteins fraction in EPS. In the case of 28 filamentous bulking, SVI correlated negatively with the amount of PHAs. Our 29 experimental data support the hypothesis that the occurrence and/or the type of 30 bulking in activated sludge could be affected by the combination of kinetic selection, 31 microbial storage, as well as the EPS composition.
Introduction

36
The performance of an activated sludge system for biological wastewater treatment is 37 often deteriorated due to sludge separation problems caused by sludge bulking. 38 Bulking consists of filamentous bulking due to excess proliferation of filamentous 39 bacteria [1] and non-filamentous bulking (also known as Zoogloeal bulking or viscous 40 bulking) [2] , resulting from certain microbes that produce large amounts of 41 biopolymers on their surface [3] . 42 The causes for inducing filamentous bulking are complicated [4] and include 43 factors such as low dissolved oxygen (DO) concentrations [5] [6] [7] , low organic loading 44 rates [8] , low substrate concentration gradients [9] , low pH [10] , and low 45 temperatures [11] . Nutrient limitation [12] has also been identified as a factor for the 46 proliferation of filamentous bacteria in activated sludge. In order to obtain well- 47 settling sludge, the ratio of biological oxygen demand (BOD) to nitrogen (N) to 48 phosphorus (P) in influent should generally satisfy 100:5:1 [1] . Peng et al. [13] 49 showed that filamentous bulking was stimulated by the lack of either N or P in the 50 feed. However, the simultaneous absence of both N and P did not induce filamentous The experiments were performed in six identical SBRs each with a 12-L working The feed conditions for the SBRs are summarised in Table 1 to which an influent without N was fed (C: N: P as to be 300/0/10). In SBR3 fed with 189 influent without P, SVI was significantly higher than that in SBR1 and was in the 190 range of 90-150 mL/g. However, the simultaneous N and P deficiency applied to 191 SBR4 resulted in poor sludge settleability with SVI of 122-355 mL/g from day 90 to 192 day 230, which was higher than that in SBR3 during the corresponding period. The 193 deficiency of P seemed to lead to poorer settleability while the deficiency of N did not.
194
SVI levels of the SBRs 5 and 6 sludges slightly increased to 150 mL/g in the initial 195 10 days and then became below 100 mL/g at the end of Phase I (Fig. 1b) were quantified in order to identify any correlation between SVI and the amount and 273 composition of EPS ( Figure 5 and Table S3 ). There is no significant correlation 274 between the total amount of EPS and sludge settleability (Fig. 5a) 
363
nivea are also often detected in industrial WWTPs [33] . 
Research Highlights
► Effects of N/P deficiency on SVI, EPS, PHA and microbial community structure were examined.
► Bulking was not encountered in reactors with nitrogen limitation or deficiency.
► Bulking was encountered in those reactors fed with wastewater deficient in phosphorus.
► N limitation/deficiency stimulates formation of intracellular storage products (PHA).
► P limitation stimulates formation of carbohydrates.
